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ABSTRACT:
This study focuses on high-frequency (104-105 yr), subtidal-carbonate
cycles (1-8 m thick) within the Woodhurst Member of the Lower Mississippian
Lodgepole Formation of southwest Montana. We combined conodont-oxygen
isotopes (δ18Oapatite) and carbonate-carbon isotopes (δ13Ccarb) with
cyclostratigraphy of Woodhurst cycles to test the hypothesis that the cycles
developed in response to glacial eustasy, evaluate the timing of initiation of the
Late Paleozoic Ice Age (LPIA), and to better understand the carbon budget in
response to cycle formation.
We recognize three scales of depositional cyclicity, approximately 25
(meter scale) cycles stack into 5 intermediate sequences (~15-30 m thick), of
which 4 intermediate sequences group into a single full My-scale depositional
sequence (~70 m thick).
δ18Oapatite values range from 18-21.6 ‰ and fall within the range of
previously reported δ18Oapatite values from globally dispersed coeval deposits.
δ18Oapatite trends across targeted cycles support the hypothesis that water depth
changes were the result of the waxing and waning of glacial ice combined with
cooling surface seawater temperatures (SST). The mean δ18Oapatite shift (1.4 ‰)
across targeted cycles translate into to ~40-90 m sea-level fluctuations
associated with 2-4°C SST changes. Calculated sea-level magnitudes suggest
the existence of an ice sheet roughly equal in size to the present day East
Antarctic Ice Sheet.

viii

High-resolution δ13Ccarb analysis of whole-rock limestones within eleven
cycles reveal invariant or nonsystematic δ13Ccarb trends, however, the long-term
composite δ13Ccarb trend confirms the pattern of a major positive excursion
reported in previous studies of coeval deposits, values peak at ~ 7.5 ‰ in the
upper S. isosticha conodont Zone.
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1. INTRODUCTION
Over the last several decades the timing and initial patterns of the Late
Paleozoic Ice Age (LPIA) have been the subjects of debate. Traditionally the
LPIA was thought to be a single, prolonged event stretching from the Late
Mississippian to Middle Permian (Veevers and Powell, 1987); however, Isbell et
al. (2003) and Fielding et al. (2008) report periods of widespread glaciation
separated by intervals of restricted or a total absence of glaciation throughout the
Late Paleozoic. These glacial and nonglacial intervals lasted several million
years (My), however, the timing of their onset is subject of debate. Fielding et al.
(2008) suggest glacial-nonglacial intervals began in the Late Mississippian, while
Isbell et al. (2003) advocate the earliest Mississippian. These two camps are
based on the age and distribution of the first Late Paleozoic glacial deposits from
South America and Australia.
There are two main lines of evidence that suggest the onset of the LPIA
occurred during the Late Mississippian (Serpukhovian); the first is the presence
of far-field (ice distal) Late Mississippian Euroamerican cyclothems (or cycles),
interpreted to represent glacio-eustatic sea-level changes due to cyclic waxing
and waning of Gondwanan glaciers (Horbury, 1989; Read et al., 1995; Smith and
Read, 1999, 2000; Wright and Vandstone, 2001; Bishop et al., 2009, 2010). The
second is the lack of earlier dated near-field glacial deposits, and the abundance
of Late Mississippian aged glacial deposits located across Gondwana (Hambrey
and Harland, 1981; Crowell, 1983; Caputo and Crowell, 1985; Veevers and
Powell, 1987; Frakes et al., 1992; Gonzalez 2001; Fielding et al., 2008).
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Recently, the Early Mississippian (Tournaisian) has been suggested as

the stage in which the LPIA began (e.g., Buggisch et al., 2008). Traditionally, the
Early Mississippian was considered a greenhouse climate based on the widelatitudinal distribution of carbonate and evaporite facies along with a lack of
glacial deposits (Frakes et al., 1992). However, there is new evidence to suggest
the presence of Tournaisian ice; alpine-glacial deposits across Gondwana and
potentially the eastern U.S. (Cecil et al., 2002; Isbell et al., 2003; Brezinski et al.,
2008), stacked high-frequency (104-105 yr), carbonate cycles in the Lodgepole
Formation of the northern Rocky Mountains interpreted to represent moderate
(~20-25 m) sea-level fluctuations (Elrick and Read, 1991), and finally, the
Blackhand Sandstone of southeastern Ohio has been inferred as a paleovalley
that formed in response to an estimated 60 m glacio-eustatic sea-level fall during
the late Tournaisian (Matchen and Kammer, 2006).
Stable isotope data have also been used to support cooling and glaciation
during the Early Mississippian. For example, increasing oxygen isotope ratios in
brachiopod calcite (Bruckschen and Veizer, 1997; Mii et al., 1999) and conodont
apatite (Buggisch et al., 2008), across the Tournaisian are interpreted to
represent a combination of cooling and ice buildup. Increasing whole-rock
carbonate δ13C values from North America and Europe are interpreted to
represent an increase in organic carbon (Corg) burial resulting in a drawdown of
atmospheric CO2 levels related to enhanced regeneration of phosphate under
anoxic conditions in western North America (Mii et al., 1999; Saltzman, 2002;
Saltzman et al., 2004).
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This debate highlights the difficulties in pinpointing the timing of glacial

onset and requires either a more detailed, high-resolution investigation, or
indicates that there is not a definitive “onset” but rather a continuum between
greenhouse and icehouse climates.
In this study we test the hypothesis that meter-scale, subtidal cycles within
the lower Mississippian Lodgepole formation of southwest Montana are the
product of high-frequency (30-110 ky) glacial eustasy. To test this hypothesis,
this paper 1) describes the distribution of facies in subtidal cycles; 2) evaluates
the origins of cycles and magnitudes of climate change using oxygen isotopes
derived from conodont apatite (δ18Oapatite); and 3) discusses the timing of the
onset of the LPIA.

2. GEOLOGIC SETTING AND STRATIGRAPHIC FRAMEWORK
The Mississippian represents a time of continental amalgamation prior to
the full formation of the supercontinent Pangaea. During this time, North America
and Europe were joined as one landmass (Euroamerica) that straddled the
paleoequator, while Gondwana was located in the Southern Hemisphere with
large areas that covered low to polar latitudes (Fig. 1A).
During the Early Mississippian, the western edge of North America was
characterized by a westward-dipping, distally-steepened, carbonate ramp
stretching from the southwest U.S. to northern Canada (>700 km wide, 1600 km
long) (Sando 1976; Poole and Sandberg 1977). East of the ramp lay the partially
submerged Transcontinental Arch with the Antler Orogenic Highlands and the
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Antler Foreland Basin to the west, while Montana was located ~5-10° north of the
paleoequator (Fig. 1B) (Blakey, 2011). The Late Devonian-Early Mississippian
Antler convergent event emplaced an extensive allochthon of oceanic sediment
onto the continental shelf, produced subsidence of an elongate foreland basin,
and preserved highlands in the interior region of the allochthon during and after
the subsidence of the foreland basin (Speed and Sleep, 1982).
We examined the deeper subtidal-ramp deposits of the Lower
Mississippian (Tournaisian) Woodhurst Member of the Lodgepole Formation in
southwestern Montana. The study area is located ~ 40 miles north of Bozeman,
MT in the Bridger Range near Sacagawea Peak. Here, the Lodgepole Formation
is ~225 m thick while the coeval Lower Madison Formation thins to ~20 m in
eastern Wyoming.
The Lodgepole Formation is divided into three members, in ascending
order, the Cottonwood Canyon, Paine, and Woodhurst Members (Fig. 2). The
basal Cottonwood Canyon Member, composed of siliciclastics, unconformably
overlies a major Late Devonian/Early Mississippian unconformity, the Paine
Member is characterized by deep-water carbonate and mud mound deposits,
while the overlying Woodhurst Member represents a transition from deep to
shallow-water carbonate deposition, and is conformably overlain by the midMississippian Mission Canyon Formation (Fig. 2). The age of the Lodgepole
Formation is mid Tournaisian based on foraminifera and conodont
biostratigraphy (Gutschick et al., 1980; Sando, 1985).
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Figure 1: Early Mississippian (Tournaisian ~ 350 Ma) paleogeography, after
Blakey, (2011). (A) Global paleogeographic map of Euroamerica straddling the
paleoequator and Gondwana stretching from subtropical to polar latitudes. (B)
Western N. American paleogeography of a westward dipping distally steepened
carbonate ramp from New Mexico into Canada, east of the ramp is the partially
submerged Transcontinental Arch, west of the ramp are the Antler Highlands and
Foreland Basin. The red star indicates outcrop locality ~ 5-10 °N of the
paleoequator.

	
  

Figure 2: Chronostratigraphic chart of Lower Mississippian stratigraphy of
Montana and Wyoming. Timescale from Gradstein et al. (2004).
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Previous researchers examining the Lodgepole and coeval Madison

Formations described three correlative My-scale depositional sequences (70-100
m thick) across the Lower Mississippian platform in Montana, Wyoming, and
Idaho (Elrick and Read, 1991; Sonnenfeld, 1996; Katz et al., 2007), which can be
further correlated with three Tournaisian My-scale depositional sequences in the
Mississippi Valley (midcontinent USA), the Russian Platform, and northwest
Europe (Ross and Ross, 1985). In southwest Montana, My-scale depositional
sequences are comprised of several intermediate sequences (~15-30 m thick),
which are composed of stacked meter-scale high-frequency (104-105 year)
subtidal cycles (Fig. 3A & 3B).

3. METHODOLOGY
3.1 FIELD METHODS
We focused on ~ 90 m of the Woodhurst Member (140 m thick) at the
study area (Fig. 4). This portion of the Woodhurst Member was targeted because
it contains high-frequency subtidal cycles, and facies within cycles are suitable for
conodont preservation. The Paine Member does not contain subtidal cycles and
the basal Cottonwood Canyon Member is siliciclastic dominant so these members
were avoided.
The lower to lower-upper Woodhurst section was measured bed-by-bed,
describing lithologies, fossil assemblages, sedimentary structures, bed thickness,
and geometries in order to define facies and interpret depositional environments

	
  

Figure 3: Outcrop photos (A) Field photograph of a portion of the Lodgepole
Formation (Paine and Woodhurst Members) in study are showing 3 scales of
cyclicity: red lines indicate My-scale depositional sequence boundaries, blue
lines outline intermediate sequences, and green lines outline cycle boundaries.
(B) Field photograph of a complete meter-scale cycle composed of rhythmite
facies abruptly overlain by a thick crinoidal-grainstone cap. Green lines outline
cycle boundaries.
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Figure 4: Outcrop photograph of a portion of the Lodgepole Formation ~40
miles North of Bozeman, MT in the Bridger Range near Sacagawea Peak. Red
and blue lines are equivalent to Figure 3. Yellow lines indicate boundaries of
measured section. Red circle surrounds primary author. This outcrop is
accessed via the Sacagawea Peak trailhead near Fairy Lake.

(Table 1). The vertical pattern of facies changes defined ~ 25 cycles. Once
cycles were defined, conodont samples (3-10 kg) were collected within a
cyclostratigraphic framework (roughly at 0.5 m intervals). A total of 49 samples
were collected from eleven cycles, of which 20 produced enough conodonts over
five cycles for analysis.
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Also, whole-rock carbonate carbon (δ13Ccarb) samples (90 +) were

collected at 0.20 to 0.5 m intervals within 11 cycles to determine if systematic
δ13Ccarb trends developed across Lower Mississippian cycles similar to those
reported in Pleistocene glacial-interglacial cycles (e.g., Ruddiman, 2008).

3.2 LABORATORY METHODS
Conodont samples were processed using standard concentration
techniques developed by Sweet and Harris (1989). Once concentrated,
conodont apatite was converted to Ag3PO4 using a modified method derived from
O’Neil et al. (1994), ensuring that only phosphorus-bound oxygen was analyzed
(detailed description of the Ag3PO4 conversion can be found in Elrick et al.,
2009). δ18Oapatite values were obtained by measuring the Ag3PO4 crystals by
continuous flow TC-EA isotope ratio mass spectrometry using a ThermoFinigan
TC-EA coupled to a Finigan Mat 252 Mass Spectrometer via a CONFLO III
Interface in the Stable Isotope Laboratory, Department of Earth and Planetary
Sciences, University of New Mexico. We report values against laboratory
standards (ACROS-2 13.5 ‰, MS 22.39 ‰, WT 19.87 ‰) and an international
standard TU-1 21.11 ‰ (Venneman et al., 2002). We also measured NBS-120c
for which we obtained a δ18O value of 22.6 ‰. The uncertainty, based on longterm measurement of phosphate standards, is <0.3 ‰ and is overseen by
multiple-standard analyses interspersed with samples. Values are reported
relative to Standard Mean Ocean Water (SMOW).

	
  

11	
  
Prior to Ag3PO4 conversion, select conodonts were photographed under a

binocular microscope to determine a conodont alteration index (CAI). Once
photographed, conodonts were imaged using Scanning Electron Microscopy
(SEM).
Whole-rock carbonate samples were measured for δ13C and δ18O values
in the Stable Isotope Laboratory in the Department of Earth and Planetary
Sciences at the University of New Mexico using the method described by Spotl
and Vennemann (2003). The samples were loaded in 12 mL borosilicate
exetainers, then the exetainers were flushed with He and the samples were
reacted for 24 hours with H3PO4 at 50 °C. The evolved CO2 was measured by
continuous flow Isotope Ratio Mass Spectrometry using a Gasbench device
coupled to a Finnigan Mat Delta Plus Isotope Ratio Mass Spectrometer. The
results are reported using the delta notation, versus PDB. Reproducibility was
better than 0.15 ‰ for both δ13C and δ18O based on repeats of a laboratory
standard (Carrara Marble). The standards were calibrated versus NBS 19, for
which the δ13C is 1.95 ‰and δ18O is 2.2 ‰.

4. RESULTS
4.1 FIELD RESULTS
We recognize five major facies in the ~ 90 m thick studied Woodhurst
interval located ~ 40 miles North of Bozeman, MT in the Bridger Range near
Sacagawea Peak. Lithologic descriptions are listed in Table 1 with depositional
interpretations discussed below.
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4.1.1 CRINOIDAL PACK/GRAINSTONE FACIES
Poorly sorted crinoid pack/grainstones (Table 1) contain mud rip-up clasts
(Fig. 5A), rare-mega ripples, and occasionally channel-shaped geometries
suggesting deposition occurred in higher energy settings between storm and fairweather wave base (Fig. 6). We interpret the crinoidal pack/grainstones to
represent proximal storm deposits along the upper-lower shoreface. Elrick and
Read (1991) propose that each pack/grainstone bed represents multiple storm
deposits during a period of relatively low sea level rather than the results of a
single storm. Paleoflow directions, taken from crest orientations of mega ripples,
suggest east-west paleoflow direction. Similar facies interpretations have been
reported by Aigner (1985), Osleger and Read (1991), and Soreghan and Giles
(1999).

4.1.2 RHYTHMITE FACIES
Thin rhythmically interbedded limestone-marl facies (“rhythmites”-Fig. 5B)
(Table 1) occur within the most basinward stratigraphic sections of Elrick and
Read (1991) and near the base and middle of cycles and are interpreted here to
represent a poorly oxygenated, quiet-water, depositional environment, below
storm-wave base (SWB-Fig. 6) based on presence of fine-grain size, suspension
laminations, and a lack of wave/current generated features and rare
macrofossils. Carbonate layers are typically depleted in fossils but exhibit a
massive texture indicative of bioturbation with some suspension laminations
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preserved. Marl layers are slightly more fossiliferous, typically massive with
occasional suspension laminations preserved. Fossils and sedimentary
structures preserved in both the marl and limestone units indicate variable-to
dysoxic-bottom waters. Where preserved, limestone and marl layers contain
10’s-100’s of mm-thick laminae, with each laminae representing deposition from
suspension settling from a single distal storm event or turbidity current. A single
limestone or marl bed represents many 10’s-100’s storm events or turbidity
currents. Similar sub-storm wave base rhythmites are reported by Cook and
Taylor (1977), Read (1980), Handford (1986), Elrick and Snider (2002), and
Elrick and Hinnov (2007).

4.1.3 GRADED RHYTHMITE FACIES
Thin rhythmically interbedded-graded limestones and marl (“graded
rhythmites”) contain millimeter-thick suspension laminae, symmetrical ripples
(Fig. 5C) fining-upward lenses/layers on mm-cm-decimeter scales (Fig. 5D), marl
drapes, and micro-scour structures, suggesting deposition in storm-dominated
environments of the distal-lower shoreface (at or above storm-wave base; Fig. 6).
Minimal evidence of bioturbation in both the marl and limestone suggests dysoxic
bottom-water conditions. Similar facies interpretations have been suggested by
Cook and Taylor (1977), Aigner (1985), and Mohseni & Al-Aasm (2004) for the
Cambrian, Triassic, and Paleogene deposits respectively.
The origin of rhythmically interbedded limestone and marl layers is not
well understood, but has been attributed to: 1) continuous influx of fine
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siliciclastics interrupted by turbidity currents carrying storm-derived detrital
carbonates; 2) relatively continuous carbonate storm deposition punctuated by
an increase in fluvial derived siliciclastic material; or 3) both periods of carbonate
storm deposition alternating with periods of increased siliciclastic influx. For each
scenario, wetter to drier paleoclimate fluctuations likely controlled the amount
and composition of material transported offshore (Elrick et al., 1991; Elrick and
Hinnov, 1996; Elrick and Hinnov, 2007). An increase in siliciclastic material
corresponds to wetter paleoclimate conditions, whereas an increase in carbonate
material was resultant from more arid paleoclimate conditions.

4.1.4 PELOIDAL GRAINSTONE FACIES
Well-sorted peloidal grainstones exhibit planar laminae (Fig. 5E & F), low
angle cross bedding, mud rip-up clasts, and a normal marine fossil assemblage
indicating deposition in a high energy, well oxygenated setting (Table 1). This
facies is typically restricted to a cycle cap facies. We interpret this facies formed
above fair-weather wave base along the upper shoreface (Fig. 6).

4.1.5 OOID GRAINSTONE FACIES
The ooid grainstone facies is interpreted to represent ooid-shoal
deposition based on the presence of well-sorted ooids (5G), high-angled cross
bedding (Fig. 5H), and rounded-oolitic intraclasts (Table 1). Rounded-oolitic
intraclasts and a lack of subaerial exposure features indicate early marine
cementation and continuous submergence. Paleoflow was derived from the
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high-angled cross bedding indicating flow direction to the south. Throughout the
Paleozoic, analogous facies have been reported (e.g. Osleger and Read, 1991;
Goldhammer et al., 1993; Huneke et al., 2001). Modern ooids are precipitated in
the Bahamas (Lloyd et al., 1987; Tucker and Wright, 1990), the southern Persian
Gulf (Loreau and Purser, 1973), and in Shark Bay, western Australia (Hagan and
Logan, 1974) in water less than 5 m deep. We suggest similar water depths for
Woodhurst ooids.

Facies Name

Lithology and
Thickness

Sedimentary
Structures

Biota

Cycle Position
and Facies
Interval
Thickness

Rhythmically
Interbedded
Limestone
and Marl

Limestone:
lime mudstoneskeletal
wackestone
(0.05-0.2 m
thick)

Limestone:
rare Laminae

Limestone: sparse
crinoids, rugose
coral (in life
position), fenestrate
bryozoa, and
brachiopods

Located within the
basal/transgressiv
e portion of cycles
(0.1-5.0 m thick)

Marl:
argillaceouslime mudstoneargillaceousskeletal
wackestone
(0.01-0.1 m
thick)
Limestone:
lime mudstoneskeletal
pack/grainstone
(0.05-0.2 m
thick)

Marl: mm-thick
suspension
laminae

Limestone:
fining-upward
layers and
lenses (mm,
cm, decimeter
scales),
symmetrical
ripples, mud
drapes, and
micro scours

Limestone:
fragments of:
crinoids,
brachiopods, rugose
coral, and fenestrate
bryozoa

Marl: Lime
mudstoneskeletal
wackestone
(0.01-0.1 m
thick)

Marl: mm-thick
parallel laminae
and
symmetrical
ripples

Marl: skeletal
fragments of:
crinoids,
brachiopods, and
fenestrate bryozoa
Zoophycus
Chondrites, and both
horizontal and

“rhythmites”

Rhythmically
Interbedded
Graded
Limestone
and Marl
“graded
rhythmites”

Deposition
al
Environme
nt
Interpretati
on
Basin/slope
with
fluctuating
or low
oxygen
levels
below storm
wave base

Marl: crinoids,
rugose coral,
fenestrate bryozoa,
brachiopods, vertical
and horizontal
burrows
Located within the
basal/transgressiv
e portion of cycles
(0.1-20.0 m thick)

Lower
shoreface
with low to
moderate
oxygen
levels near
storm wave
base.
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Crinoidal
Pack/Grainst
one

Poorly-sorted,
coarse,
crinoidal packgrainstone
(0.2-0.3 m)

Mud rip-up
clasts, planar
laminae, rare
symmetric
mega-rippled
tops, and
occasionally
channel shaped
beds.

Peloidal
Grainstone

Well-sorted
peloidal
grainstone
(0.2-0.3 m)

Ooid
Grainstone

Well-sorted
oolitic
grainstone
(0.2-.35 m)

Planar and
swaly laminae,
graded beds,
and mud rip-up
clasts.
Planar laminae,
cross bedding,
and mud/oolitic
rip-up clasts

vertical borrows
Crinoids,
brachiopods, rugose
coral, and fragments
of fenestrate
bryozoans

Crinoids,
brachiopods, and
rugose coral

Skeletal fragments
of crinoids,
brachiopods, and
rugose corals

Typically forms
cycle caps, but
can occur near
cycle base (when
a “shallower”
facies
peloidal/ooid
grainstone caps a
cycle)
(0.2-1.1 m thick)
Restricted to cycle
caps
(0.1-0.6 m thick)

Upperlower
shoreface
(proximal
storm
deposit)

Restricted to cycle
caps
(0.2-8 m thick)

Upper
shoreface

Upper
shoreface

Table 1: Facies descriptions and depositional environment interpretations

	
  

17	
  

	
  

18	
  

Figure 5: Outcrop and thin section photos of Woodhurst Member facies. (A)
Coarse-grained crinoidal-grainstone cap with mud rip-up clasts (red arrows) (B)
Rhythmically bedded lime mudstones (dark gray) and marl (tan) “rhythmites”. (C)
Limestone layer from graded rhythmite facies, arrow indicating symmetrical
ripple. (D) Thin section photograph of a mm-scale graded interval (composed of
skeletal fragments) within graded rhythmite facies. (E) Laminated-peloidal
grainstone facies (bed tilted vertical; laminations are difficult to see but are
parallel to subparallel to primary author’s finger). (F) Thin section photograph of
plane laminations (red arrows) within the peloidal grainstone facies. (G)
Crossbedded-oolitic grainstone cap of a shoal-capped cycle (upper SP section).
(H) Thin section photograph of ooid grainstone facies.

Figure 6: Schematic depositional profile across outer portion of the distally
steepened ramp. Peritidal facies lie further east. (see figure 7 for symbol and
color explanations).
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4.1.6 STRATIGRAPHIC CYCLICITY

4.1.6.1 HIGH-FREQUENCY CYCLES
The 22 stacked subtidal cycles (1-8 m thick) measured within the
Woodhurst are composed of substorm wave base through upper shoreface
deposits and stack into intermediate and My-scale depositional sequences (Fig.
7). Elrick and Read (1991) estimated average cycle durations of ~ 30-110 ky, by
dividing the calculated time range of a biostratigraphically controlled interval by
the number of subtidal cycles observed within that controlled interval. Subtidal
cycles were used to minimize the effect of time loss and to ensure the full record
of sea-level rise, fall, and lowstand (i.e., no exposure surfaces).
Two patterns of subtidal cycles are observed (Fig. 8), regressive (upwardshallowing) and transgressive-regressive (upward deepening then shallowing)
cycles. Regressive cycles are typically composed of, in ascending order, lower
shoreface graded rhythmites abruptly overlain by upper shoreface crinoidalpeloidal-oolitic pack/grainstones. Transgressive-regressive cycles are composed
of, in ascending order, lower shoreface graded rhythmite facies, offshore
rhythmite facies, lower shoreface graded rhythmite facies, then capped by upper
shoreface pack/grainstones. Both cycle types are capped by either skeletal-rich
pack/grainstones (proximal storm capped cycles-PSC) or by upper shoreface
ooid-peloid grainstones, shoal deposits (shoal capped cycles-SC). Throughout
the measured section, PSC cycles are more abundant and occur within all
systems tracts of My-scale depositional sequences. SC cycles occur within all
systems tracts (lowstand systems tracts-LST, transgressive systems tracts-TST,
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maximum flooding zone-MFZ, highstands systems tracts-HST), however, are
most prominent in the LST and late HST of sequences (see Fig. 7). SC cycles
provide the best evidence for high-amplitude sea-level fluctuations because
substorm wave base rhythmites are abruptly overlain by upper shoreface ooidpeloid grainstones.

4.1.6.2 INTERMEDIATE SEQUENCES
We recognize an intermediate scale of depositional cyclicity not reported
by Elrick and Read (1991). Five intermediate sequences (~15-30 m thick), are
composed of stacked subtidal cycles and are defined by clear recessive to more
resistant outcrop-weathering patterns typified by fine-grained, deep-water facies
overlain by coarser grained, shallower water facies (Fig. 3A & Fig. 7). The
majority of intermediate sequences contain 6 cycles, thus given the duration of
cycles calculated by Elrick and Read (1991), intermediate sequences range from
~200-600 ky.

4.1.6.3 DEPOSITIONAL SEQUENCES
The single, full My-scale depositional sequence (~65 m thick) recognized
in this study was identified from outcrop-weathering patterns, facies distribution
(cycle types), and cycle thicknesses with respect to systems tracts. It is
equivalent to My-scale depositional Sequence 2 of Elrick and Read (1991).
There are relatively weak systematic cycle-stacking and cycle-thickness patterns
associated with My-scale depositional sequences. When accommodation is low
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Figure 7: Stratigraphic column of targeted Woodhurst member. Systems tracts
of My-scale depositional sequence highlighted in orange, blue, green, and black
arrows. Systematic cycle stacking and thickness patterns are not observed for
intermediate sequences (light-blue boundaries). SPL (Sacagawea Peak Lower)
represents the basal 14.4 m of the measured section. The upper SPL section
directly underlies the SP (Sacagawea Peak) section ~75 m thick. [Note PSC
cycles are located throughout stratigraphic section, while SC cycles are most
abundant in LSTs and HSTs]

Figure 8: Examples of Woodhurst transgressive- and transgressive-regressive
cycles displaying PSC and SC facies stacking patterns. (A) Cycle 9, a
transgressive-regressive PSC cycle. (B) Cycle 13, a transgressive-regressive SC
cycle. (C) Cycle 2, regressive PSC cycle (D) Cycle 19, a regressive SC cycle.
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(LST and late HST) cycles are thinner than average and SC cycles are present.
Cycles within LSTs of depositional sequnces 2 and 3 have average cycle
thicknesses of 2.0 and 4.0 m, respectively. Whereas, cycles located in the TST
and early HST of My-scale depositional Sequence 2 show an average thickness
of 7 m, and are typically composed of PSC cycles.

4.2 LABORATORY RESULTS
4.2.1 WHOLE ROCK δ13Ccarb VALUES
Whole rock δ13Ccarb values range from 4.3 ‰ to 7.5 ‰ (average = 5.0 ‰)
(Appendix 2). These relatively high δ13Ccarb values are consistent with previously
reported values from coeval deposits in the western U.S. (Nevada), the U.S.
midcontinent (Iowa, Illinois, Indiana, Kansas, Missouri, Nebraska, Oklahoma,
Texas), Russia, and Belgium (Mii et al., 1999; Saltzman et al., 2004), and display
a previously reported major positive excursion peaking at 7.5 ‰ in the upper S.
isosticha conodont Zone (Saltzman, 2002). δ13Ccarb values across the majority of
cycles do not show systematic trends (see below), however, three cycles do
exhibit a systematic cyclic trend, cycles 9, 16, and 18 (see below).

4.2.2 CONODONT SEM IMAGES
Conodonts from two samples (SPL 6.25 and SP 18.6) were imaged using
the FEI Quanta 3D Dualbeam FEGSEM at the University of New Mexico in lowvacuum conditions with an electron beam accelerating voltage of 30kV and 140
pA current. These samples were chosen because they are representative of all
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Woodhurst conodonts extracted at the study area. Elements exhibit CAI values of
3 or less, indicating thermal alteration of ~50-200 °C (Epstein et al., 1977; Fig. 9).
Assuming a typical geothermal gradient (30 °C/km) the CAI temperature
association corresponds to a burial-depth range of 1.5- 6.5 km. SEM images
confirm findings of previous studies (e.g., Nöth, 1998; Blanco-Ferrara et al.,
2011) that conodont elements with low CAI values (< 4) do not exhibit
diagenetically altered textures (Fig. 10).

Figure 9: (A) Conodont alteration index (CAI) from Epstein (1977). (B) Typical
platform elements. SPL 6.25 (5&6) Siphonodella obsoleta (7) Polygnathus
inornatus. (C) Conodont platform elements from SP 18.6 (4&6) Siphonodella
obsoleta (6) Polygnathus communis; Gilbert Klapper, University of Iowa
(personal comm., 2009) CAI < 3 (representing thermal alteration of less than 200
°C)
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Figure 10: SEM images of a Woodhurst conodont element with CAI of < 3 (from
SPL 6.25 S. obsoleta) (A) Posterior view of an incomplete S. obsoleta conodont
element. (B) High resolution cross-section image (note pristine texture). (C) High
resolution image of growth rings. (B & C) indicate original mineralogical textures.
Image taken by C. Brunner.
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4.2.3 δ18Oapatite VALUES
Oxygen isotope values derived from conodont apatite (δ18Oapatite) range
from 18.0 ‰ to 21.6 ‰ (average 19.4 ‰) (Fig. 11A). The δ18Oapatite values
(Appendix 3) are consistent with the ranges reported from coeval deposits in
Spain and Ireland (Buggisch et al., 2008). The long-term δ18Oapatite trend across
the ~90 m measured section is cyclic, values are relatively high in the late HST
of My-scale depositional sequence 1, decrease in the LST of My-scale
depositional sequence 2, and begin to rise throughout the TST and get relatively
high again in the late HST of My-scale depositional sequence 2. The observed
long-term cyclic trend is consistent with the reports of Buggisch et al. (2008) (Fig.
11B).
δ18Oapatite values recorded within five sampled cycles exhibit one distinct
trend (Fig. 12BCD), a steady increase in δ18Oapatite values across the cycle with
the lowest values occurring in deep water facies near the cycle base and the
highest values in the shallow facies or near the cycle cap. Values within cycle 9
(Fig. 12A) show a decrease in δ18Oapatite values followed by an increase with the
lowest values occurring in deep water facies; the latter portion of this trend is
similar to the dominant trend, however, the values are all within uncertainty, so
the trend is disregarded. Values within cycle 1 (Fig 12E) displays an opposite
pattern to the dominant trend; with higher values occurring in deep-water facies
near the cycle base and the lowest values in the shallow facies or near cycle cap.
This cycle only contains two data points, and we are not confident in calling this a

	
  

27	
  

trend, so we disregard the values. The magnitudes of isotopic shift across cycles
exhibiting the dominant trend range from 0.7-2.5 ‰ (mean 1.4 ‰).

5. DISCUSSION

5.1 STRATIGRAPHIC CYCLICITY
5.1.1 DEPOSITIONAL SEQUENCE

Observed systematic cycle-stacking and cycle-thickness patterns within
the Woodhurst My-scale depositional sequence represent a combination of
typical characteristics reported in both greenhouse and icehouse sequences.
Greenhouse sequences display long-term retrogradation and progradation of
facies (Lehrmann and Goldhammer, 1999). Cycles within the progradational
portion of a greenhouse sequence (LST late HST) typically thin upward while
shallow-water facies (e.g., peritidal facies) become more prominent, whereas
cycles within retrogradational units (TST and early HST) thicken upward and are
composed of open marine facies (Lehrmann and Goldhammer, 1999). Cycles
within icehouse sequences often display evidence of high-amplitude sea-level
fluctuations i.e., subaerial exposure, and exhibit nonsystematic facies-stacking
and cycle-thickness patterns (Lehrmann and Goldhammer, 1999; Elrick and
Scott 2010). Cycles within the Woodhurst sequence were not subaerially
exposed, but facies juxtapositions indicate large-amplitudes of sea-level
fluctuation. SC cycles become more abundant during zones of low
accommodation (late HST Sequence 1, LST Sequence 2), but they are still not
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the dominant cycle type. These characteristics are descriptive of icehouse
conditions. However, varying cycle thickness within zones of low and high
accommodation, along with the dominance of the shallowest water facies in the
LST of Sequence 3 suggest greenhouse conditions.

5.1.2 INTERMEDIATE SEQUENCES
Sea-level amplitudes associated with intermediate sequences were
probably subdued because distinct systems tracts other than MFZs are not
obvious. There is no systematic relationship between cycle types and clearly
defined recessive-resistant intervals observed in the outcrop-weathering pattern.
The reasons for this are unclear; perhaps the percentage of marl within both
rhythmite facies is greater at the base of intermediate sequences allowing for
more physical weathering, or potentially subtle grain-size differences exist
between deep-water facies at the base and top of intermediate sequences. They
also display a lack of systematic thicker-than-average cycles deposited during
the TST/MFZ followed by thinner-than-average cycles during the HST/LST (e.g.,
Lehrmann and Goldhammer, 1999). This is due to the fact that the Woodhurst
Member in the study area accumulated along the deep ramp, and cycle
thicknesses were not accommodation limited (Elrick and Read, 1991).
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Figure 11 A: Long-term oxygen isotope trends across a condensed measured
Woodhurst section at the study area. δ18O values are cyclic; values are relatively
high in the late HST of sequence 1, decrease in the LST of sequence 2, increase
across the TST of sequence 2 into the HST of sequence 2. This cyclic pattern is
similar to the long-term trends reported by Buggisch et al. (2008). Black line
indicates SPL section (basal 14.2 m)

Figure 11 B: Long-term δ18O values derived conodont apatite from Buggisch et
al. (2008). The red box highlights the cyclic pattern of a coeval interval to longterm trend observed in southwest Montana.
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Figure 12: δ18Oapatite values across five targeted high-frequency cycles. (A)
δ18Oapatite values across cycle 9 decrease then increase with the lowest δ18Oapatite
values occurring in deep water facies. Values are all within error, so the trend is
disregarded. (B) (C) (D) Cycles 4, 16, and 15 respectively, displaying the
dominant trend, δ18Oapatite values increase steadily across cycles with lowest
values in deep water facies near the cycle base and highest values in shallow
water facies (cap) or near the cycle cap. (E) Cycle 1 showing an opposite
pattern, higher δ18Oapatite values in deep water facies and low δ18Oapatite values in
shallow water facies. Horizontal colored lines are equivalent to figure 7.
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5.1.3 HIGH-FREQUENCY CYCLES

Approximately half of the observed Woodhurst cycles record
transgressive-regressive facies stacking patterns. Such facies stacking patterns
are expected given a typical sea-level rise and fall succession; however, many
cyclic successions in the geologic record display only regressive stacking
patterns (e.g., Markello and Read, 1982; Calvet and Tucker 1988; Oslegar, 1991;
Oslegar and Read, 1991; Goldhammer et al., 1993). These regressive or
upward-shallowing patterns have been explained by 1) a rapid onset of sea-level
rise preventing deposition of transgressive facies, 2) a ravinement (or erosional)
surface, which erodes previously deposited transgressive facies resulting in
deposition of deeper-water facies directly over the underlying cycle cap. We
suggest these scenarios for regressive PSC cycles and for regressive SC cycles
respectively.
SC cycles (substorm wave base deposits directly overlain by upper shore
face facies) provide the strongest evidence for significant magnitudes of sealevel rise and fall because the facies accumulated from water depths spanning
several 10’s of meters.

5.2 CYCLE δ18Oapatite TRENDS
An observed δ18Oapatite trend (cycles 4, 15, and 16) supports the
hypothesis that the Woodhurst high-frequency cycles were driven by glacial
eustasy in combination with changes in surface seawater temperatures (SST)
(Fig. 12). Decreasing and low δ18Oapatite values occur within deep-water facies
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deposited during sea-level rise and highstand (interglacial period), while
increasing and high values occur in shallow water facies deposited during sealevel fall and lowstand (glacial periods). In addition to changes in ice volume, the
documented isotopic trends are also supported by high-frequency SST changes.
When seawater temperatures decrease (i.e., glacials) the fractionation between
minerals and seawater increases resulting in higher δ18O values in marine
minerals in equilibrium with seawater. Conversely, with warmer SSTs
(interglacial) the opposite trend is observed, i.e., lower δ18O values in marine
minerals in equilibrium with seawater (Fig. 13).
Theoretically, δ18O trends should mirror the relative sea-level curve.
Conceivably, the trend observed in cycles, 4, 15, and 16 (Fig. 12B,C,D) could
represent the upper (regressive) portion of the expected trend. Had cycles 4, 15,
and 16 been sampled at a finer resolution near the cycle base, then those values
may record higher δ18Oapatite values, resulting in a trend similar to that of the
expected.
Magnitudes of isotopic shift across Lower Mississippian cycles range from
0.7-2.5 ‰ (mean 1.4 ‰), and are similar to magnitudes of shifts across
Pleistocene glacial-interglacial cycles, typically varying around 1-2 ‰ (Mix et al.,
1995; Lisicki and Raymo, 2005; Ruddiman, 2008). Pleistocene δ18O trends are
typically symmetrical in shape, while the dominant trend observed in Lower
Mississippian cycles are asymmetrical. This asymmetric shape is due to a
relatively course sampling resolution.
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Figure 13: Relationships between δ18Oapatite trends, ice volume, and glacioeustasy. (A) During glacial intervals, sea level is low and isotopically light water
is locked in continental ice sheets, leaving the ocean enriched in isotopically
heavy water. During interglacials, ice melts, sea level rises, and the δ18O value
of the ocean decreases due to enrichment of isotopically light water. (B)
Relationship between stacked cycles and the expected δ18O relationship if cycles
were generated by glacio-eustasy. Blue boxes indicate deep-water facies, green
boxes indicate shallow water facies, and horizontal-green lines represent cycle
boundaries. [Note δ18O trends and relative sea-level change are mirror images]
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5.3 PALEOCLIMATE INTERPRETATIONS
δ18O values are a proxy for combined effects of salinity (evaporation),
temperature and ice-volume changes. This study will be focusing on interpreting
temperature and ice-volume effects because fossil assemblages indicate normal
marine salinities. In post-Cretaceous paleoclimate studies, independent proxies
(e.g., TEX-86 or alkenone paleothermometry) can be used to determine the
effects of temperature leaving the remaining δ18O values a result of the icevolume effect. Unfortunately, such tools cannot be applied to pre-Cretaceous
deposits, therefore, it is not straightforward estimating the affects of SST versus
ice-volume changes for this study.
Estimated Early Mississippian tropical SSTs from conodont apatite were
calculated using the equation reported by Kolodny et al. (1983).

![°!] =   113.3 − 4.38(!18!!"!#$#% − !18!!"#$%)

(1)

Assuming a δ18Osea value of 0.0‰, the reported 18.0 to 21.6 ‰ range of
δ18Oapatite values from this study, correspond to SST’s ranging from~ 34 to 19 °C,
respectively. However, recently Pucéat et al. (2010) presented a revised
phosphate–water oxygen isotope fractionation equation based on oxygen
isotopes determined on fish apatite raised in aquariums at controlled
temperatures with monitored water oxygen isotope compositions.

! °! =   118.7 ±4.9 − 4.22(±0.20)(!18!!"!#$#% − !18!!"#$%)

(2)
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The revised equation is similar to equation (1) but has major implications

for previously calculated paleoclimatic reconstructions derived from oxygen
isotopes of biogenic apatite; if this equation is correct then calculated
paleotemperatures have been underestimated by 4-8 °C when using the Kolodny
equation. Using the Pucéat et al. (2010) equation (also assuming a !18!!"#$%
value of 0.0 ‰) the Early Mississippian δ18Oapatite values result in SST’s ranging
from ~27-42 °C, respectively, showing a calculated difference of 8 °C from the
Kolodny to Pucéat equation. When comparing Early Mississippian SSTs to
tropical-subtropical Last Glacial Maximum (LGM) paleotemperatures, calculated
from Sr/Ca ratios, Beck et al. (1997) report SSTs ranging from 18-23 °C, and
comparing modern (interglacial) tropical SSTs (23-28 °C), it is clear that Early
Mississippian SSTs associated with glacial-interglacial periods are much
significantly higher.
If the δ18Oapatite shifts (0.7 ‰-2.5 ‰; mean =1.4 ‰) across individual
Woodhurst cycles were strictly due to SST changes, then this would equate to a
~3-11°C glacial-interglacial SST change. During the LGM, tropical SSTs were ~
5°C cooler (Beck et al. 1997; Ruddiman, 2002) than the Holocene. Using this as
a guide, it is unlikely that the changes between Early Mississippian glacialinterglacial phases were larger than those reported for the Quaternary,
particularly given previous warm paleoclimate interpretations for the Early
Mississippian (Frakes et al., 1992); therefore, the upper end of the calculated
temperature range likely represents too great of SST change.
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Over the last century the estimated rise in sea level due to the ~ 0.5 °C

increase in global mean SST is less than 5.0 cm (de Wolde et al., 1995).
Extrapolating this to the estimated maximum ~ 2–11 °C SST for the Early
Mississippian corresponds to thermal–eustatic changes of <1 m. The observed
facies stacking patterns in Woodhurst cycles indicate significantly greater sealevel changes; i.e., the abrupt juxtaposition of substorm wave base through upper
shoreface facies indicate sea-level fluctuations on the order of a few tens of
meters, and argues against thermo-eustasy as the main driver for high-frequency
cycle formation.
Conversely, if isotopic shifts across cycles were propelled by changes in
ocean chemistry related to the ice-volume effect, then reported isotopic shifts
(0.7-2.5 ‰) are equivalent to ~60-250 m sea-level changes, respectively
(assuming 0.11‰/10 m; Fairbanks and Matthews, 1978). Magnitudes much
greater than ~50-75 m (e.g. Heckel, 1994; Elrick and Scott 2010) would likely
result in cycle caps showing evidence of subaerial exposure (e.g., pedogenic
alteration, brecciation, karstification), the Woodhurst cycles do not exhibit;
therefore, we suggest that the upper-end sea-level magnitude estimates are not
reasonable. Paleoclimate interpretations due to only temperature changes or
only ice-volume changes are unreasonable, so like the Quaternary, we suggest a
combination of SST changes and glacial ice waxing and waning as the driver for
oxygen isotopic shifts across Woodhurst cycles.
When interpreting pre-Cretaceous marine δ18O shifts associated with
glacial-interglacial cycles, a common question arises; how much of the shift is
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due to changes in temperature versus ice volume? There currently is no way of
partitioning the effects of ice versus temperature for Early Mississippian δ18Oapatite
shifts, however, they can be bracketed. Mix (1987) measured marine δ18O values
from planktonic and benthic forams from the LGM to Holocene and determined
that at least 70% of the glacial-to-interglacial δ18O shift results from the change in
oceanic chemistry due to the ice effect, leaving the remaining 30% due to the
temperature effect. In a similar study for the early Oligocene, Pekar et al. (2002)
and Pekar and Chrisite-Blick (2003) determined that at least half of observed
δ18O shifts were due to temperature, while for the warm climates of the early
Eocene Pekar et al. (2005) suggest that 70% of δ18O shifts are the product of
SST change, leaving the remaining 30% due to ice-volume effect. The varying
influences of SST versus ice effect within δ18O shifts are a function of the overall
paleoclimate conditions, which control ice sheet size, δ18O values of the ice, and
the extent of Rayleigh Fractionation during warm and cool global climates.
These end-member relationships can be utilized to bracket the range of
potential SST changes and glacio-eustatic sea-level magnitudes for the Early
Mississippian (Table 2). Dividing isotopic shifts into appropriate percentages, ice
effect can be calculated by the 0.11 ‰/10m relationship reported by Fairbanks
and Matthews (1978), while temperature effect can be calculated by assuming
0.23 ‰ /1°C. The mean isotopic shift across Woodhurst cycles is ~1.4 ‰; so
applying the Quaternary ~70-30 % relationship to this mean shift corresponds to
a ~1.0 ‰ shift due to the ice-volume effect and ~0.4 ‰ to the temperature effect.
This ~1.0 ‰ shift equates to a glacio-eustatic sea-level change of ~ 90 m, while
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the 0.4 ‰ shift is equivalent to a ~ 2 °C SST change. Applying the warm climate
relationship of Pekar et al. (2005) to the mean 1. 4‰ shift suggests a ~ 40 m
glacio-eustatic sea-level change associated with a ~4.0 °C SST change.
While the Quaternary and Eocene examples provide an estimate for the
potential range of combined sea-level magnitudes and SST changes, perhaps
the climatic conditions during the Early Mississippian lay somewhere in between
the cool Quaternary and warm Eocene, so we calculate values where the icevolume

Cycle #

Isotopic
shift
(‰)

16

LGM

e. Eocene

Ice: 70%
Temp: 30%

Ice: 50%
Temp: 50%

Ice: 30%
Temp: 70%

0.7

45 m
1.0°C

30 m
1.5°C

20m
2.0°C

4

1.2

75 m
1.5°C

55 m
2.5°C

30 m
3.5°C

15

2.5

160 m
3.0°C

110 m
5.5°C

70 m
7.5°C

Mean

1.4

90 m
2°C

65 m
3°C

40 m
4°C

Table 2: Calculated sea-level and SST changes from Fairbanks and Matthews
(1978) and Mix (1987) (LGM), Pekar et al. (2005) (e. Eocene), and an
intermediate scenario. All presented values are approximate. Sea-level
fluctuations were rounded to nearest 5 m, while SST change was rounded to
nearest 0.5 °C.
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and temperature effect are equal. Given this 50-50% scenario, this translates to
a ~65 m sea-level and ~ 3.0 °C SST change. Regardless of which scenario is
utilized, the mean isotopic shifts correspond to substantial glacio-eustatic sealevel magnitudes of at least several 10’s of meters and SST changes of several
degrees, implying substantial high-frequency climatic shifts during the Early
Mississippian, and in particular, significant changes in glacial ice volumes.

5.4 δ13Ccarb
Oppo et al. (1995) report a well-established systematic relationship, over
the last two million years, between δ18O and δ13C values from benthic
foraminiferal calcite across Pleistocene glacial-interglacial cycles; δ13C values
are low during glacial periods (high δ18O values) and high during interglacial
periods. The magnitude of these Pleistocene δ13C shifts range from 0.5-1.0 ‰.
In order to determine if similar systematic trends were present during the Early
Mississippian, a high-resolution carbon isotope dataset was obtained across 11
Woodhurst cycles from whole rock carbonate carbon (δ13Ccarb).
δ13C values from marine carbonates reflect the isotopic value of the total
dissolved carbon (TDC) within the deep or shallow ocean, depending on where
the mineral is being precipitated. On a short timescale (< 10 ky) the TDC is
affected by influxes from mantle CO2 degassing and continental weathering.
Long-term (105-107 yr) changes in the TDC are a function of the burial ratio of
inorganic (13C) vs. organic (12C) carbon, more often than not associated with the
biological pump. The biological pump is a steady-state nonequilibrium
fractionation between the TDC in the shallow and deep ocean due to high
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biological activity in the shallow photic zone. Photosynthetic organisms
preferentially incorporate 12C into their tissue leaving the TDC of the shallow
ocean enriched in 13C, upon their death, their remains sink into the deep ocean,
causing the TDC of the deep ocean to becomes enriched in 12C (Sharp, 2007).
During periods of increased productivity, a greater contrast develops between the
TDC of the deep and shallow ocean.
Unlike oxygen isotopes, carbon isotopes are not affected by ice volume or
temperature changes; however, Oppo et al. (1995) report a systematic
relationship between δ18O and δ13C values and attributes this relationship to
intensified atmospheric and ocean current dynamics, which bring an upsurge of
nutrients to the surface ocean increasing the primary productivity of the surface
ocean, therefore creating a greater contrast in the TDC between the deep and
shallow ocean. Applying this scenario to Lower Mississippian cycles, one would
expect to observe relatively high δ13Ccarb values during glacial periods (cycle
caps), which are sourced from the shallow-surface water (skeletal material).
The long-term δ13Ccarb trend across the ~90 m sampled Woodhurst
interval spans the upper S. isosticha and G. typicus conodont zones, and does
not display a systematic trend within a My-scale depositional sequence
framework. While the composite curve does not span the entire Woodhurst, the
trend confirms a major global positive δ13Ccarb excursion peaking at ~7.5 ‰ in the
upper S. isosticha conodont Zone (Fig. 14) (Saltzman, 2002; Saltzman et al.,
2004). Saltzman et al. (2004) attribute the positive δ13Ccarb excursion to
enhanced phosphate regeneration and biological pumping of 12C into the
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semirestricted, anoxic Antler foreland basin, which contains abundant evidence
in the form of laminated organic-rich units (Saltzman et al., 2000).
This globally reported major positive carbon-isotope excursion is thought
to have had major implications for the initial onset of the major LPIA glaciation.
The increase in biological pumping of 12C to the deep ocean from the surface
ocean involves the sequestration of atmospheric CO2 via photosynthesis. The
drawdown of atmospheric CO2 creates a positive feedback loop, allowing for less
greenhouse-gas warming, consequently cooling the planet, and allowing for initial
accumulation of ice sheets. Buggisch et al. (2008) report long-term δ18Oapatite
and δ13Ccarb trends across the Mississippian. The increase in δ18Oapatite values
from ~19.0 to ~21.0 ‰ is thought to represent initial climatic cooling and ice
buildup of the LPIA (Fig. 15)
A closer examination of the globally reported positive carbon excursion
reveals that the initial carbon excursion precedes the initial increase in δ18Oapatite
values. Buggisch et al. (2008) suggest this represents the initiation of CO2
drawdown allowing for a cooling of the global Early Mississippian paleoclimate.
There are no reports of systematic δ13C trends associated with interpreted
glacial-interglacial cycles for deep-time studies. Unlike Pleistocene studies, which
conduct δ13C analyses on separate benthic and planktonic forams, Woodhurst
δ13Ccarb values were taken from whole-rock samples and the majority of values
display nonsystematic trends with respect to cyclostratigraphy. However, cycles
9, 16, and 18 display some ordered δ13Ccarb trends (Fig. 16).
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Figure 14: Globally recorded δ13Ccarb values from Saltzman et al. (2004) and this
study. Lodgepole δ13Ccarb values confirm global trends of a major positive
excursion peaking at ~ 7.5 ‰ in the upper S. isosticha conodont Zone.
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Figure 15: long-term carbon and oxygen isotope trends across the
Mississippian from Buggisch et al. (2008). Note how the initial δ13Ccarb excursion
precedes the initial increase trend in δ18Oapatite values, which is thought to be due
to increased atmospheric carbon dioxide drawdown allowing for the initiation of
Gondwanan ice sheets.

These three cycles display deepening followed by shallow facies trends
(transgressive-regressive cycles), which are mirrored by initially decreasing δ13C
values, and lowest values in the deepest water facies, followed by increasing
values in the shallow facies. The magnitude of shift is ~ 1.0 ‰. These trends
support the hypothesis of Oppo et al. (1995) that trends were due to an increase
in primary productivity during glacial periods as suggested by Ruddiman (2002).
We suggest the lack of systematic trends observed across the majority of
Woodhurst cycles is due to the mixture of deep and shallow water carbonate
material which may record TDC values from a range of water depths and
unknown vital effects.

5.5 IMPLICATIONS
The observed δ18Oapatite trend across cycles suggests glacial-eustatic
origins indicating the presence of continental ice waxing and waning on an orbital
timescale. This implies that the LPIA initiated at least as early as the
Tournaisian; approximately 25 My earlier than previously proposed (Hambrey
and Harland, 1981; Crowell, 1983; Horbury, 1989; Frakes et al., 1992; Smith and
Read, 1999, 2000; Gonzalez 2001; Wright and Vandstone, 2001; Fielding et al.,
2008; Bishop et al., 2009, 2010). Other researchers (Caputo and Crowell, 1985;
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Figure 16: Condensed measured stratigraphic section displaying relationships
between cycles and whole rock carbon isotope data (δ13Ccarb). Note the lack of
systematic δ13Ccarb trends across cycles. Horizontal colored lines same as
Figure 7 and first 14 m represent SPL section.
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Veevers and Powell, 1987; Buggisch et al., 2008) suggest the LPIA may have
initiated in the Late Devonian through evidence of South American glacial
deposits (Amazon Basin, Bolivia), reported global sea-level regression, and a
minor positive δ18Oapatite excursion in the latest Famennian through the DevonianCarboniferous (D-C)
boundary. This evidence, combined with data presented in this study, and
along with the overwhelming evidence reported by the Late Mississippian camp
suggests the presence (or build up) of an ice sheet spanning the Late Devonian
through Late Mississippian; a statement originally put forth by Veevers and
Powell (1987).
Frakes et al. (1992) define the Devonian and Early Mississippian, globally,
as a warm period based on reports of high-latitude distribution of carbonate and
evaporite facies along with minimal evidence of glaciation. These warm
indicators exist despite the evidence for ice implying that during this time interval,
the planet was not uniformly warm but rather warm in some locations, and cool
enough in others (high latitudes) for ice to form, wax, and wane on orbital
timescales. This rock and isotopic based evidence for concurrent warm and
cool conditions necessitates we broaden our traditional view of end member ice
versus greenhouse paleoclimate conditions, and realize that warmer-greenhouse
intervals can have short-lived cool intervals and cool-icehouse times can have
brief warm episodes.
To put the Early Mississippian in perspective, sea-level fluctuations
derived from the mean-isotopic shift (1.4 ‰) across Woodhurst cycles range ~
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40-90 m. These magnitudes are much less than those reported for known coolicehouse conditions of the Pennsylvanian and Pleistocene (> 100 m) (e.g.,
Fairbanks, 1989; Heckel, 1994 Chappell et al., 1996; Cutler et al., 2003;
Joachimski et al., 2006), however, they are greater than reported warmgreenhouse conditions (~ 20-40 m) (Oslegar, 1991; Goldhammer et al., 1993;
Pekar et al., 2005). These estimated sea-level magnitudes suggest the Early
Mississippian is more representative of a transitional paleoclimate.
If the present day East-Antarctic ice sheet (EAIS) melted researchers
suggest a corresponding sea-level rise of ~ 60 m (Pekar et al., 2005); therefore, if
our interpretation of Tournaisian sea-level fluctuations calculated from the mean
isotopic shift are correct, then this equates to an ice sheet ranging from 0.5-1.25
times the size of the present day EAIS during the Early Mississippian.

6. CONCLUSIONS
1) The Woodhurst member of the Lodgepole Formation in the Bridger Range
of southwest Montana is composed of five facies types, representing
deposition from offshore regions to upper shoreface interior ramp
environments (along a distally steepened carbonate ramp).
2) Facies exhibit regressive- and transgressive-regressive stacking patterns
forming subtidal cycles (22 cycles 1-8 m thick) capped by either proximal
storm or shoal deposits. Cycles stack into 5 intermediate sequences
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(~15-30 m thick); 4 of which group into a single full My-scale depositional
sequence.
3) Facies stacking patterns suggest similar magnitudes of sea-level
fluctuations across cycles and intermediate sequences.
4) Carbon-isotope trends across 11 individual subtidal cycles do not display
systematic trends related to cycle formation, but the long-term composite
curve confirms previously reported global trends (Saltzman) of a
significant positive excursion, peaking at ~ 7.5 ‰, in the upper S. isosticha
conodont Zone.
5) Oxygen-isotope trends across 4 targeted cycles support glacio-eustatic
origins along with SST changes; sea-level fluctuations ranging from 30-75
meters imply that the possibility of an EAIS-size ice sheet waxing and
waning during the Early Mississippian. If correct, ice this size implies the
LPIA started at least 25 my earlier than previously suggested (Hambrey
and Harland, 1981; Crowell, 1983; Horbury, 1989; Frakes et al., 1992;
Smith and Read, 1999, 2000; Gonzalez 2001; Wright and Vandstone,
2001; Fielding et al., 2008; Bishop et al., 2009, 2010).
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7.1 APPENDIX 1 STRATIGRAPHIC COLUMN
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SPL (Sacagawea Peak Lower) is the basal 14.2 m of the measured section.
SPL 14.4 lies directly beneath SP (Sacagawea Peak) 0.0 m.
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7.2 APPENDIX 2 WHOLE ROCK δ13Ccarb VALUES
Section
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP

Meter
68
67.5
67
66
65.5
65
64.5
64
61
60.8
60.6
60.4
55.5
55
54.5
53.5
53
52.5
52
51.5
51
50.5
29
28.5
28
27.5
27
26.5
26
25.5
24
23.5
23
14
13.8
13.5
13.1

δ13Ccarb
4.89
4.94
5.018
4.859
4.466
4.4265
4.32025
4.299
4.26475
4.84725
4.8185
4.98475
5.34225
5.433
5.507
5.322
4.8905
5.3445
5.7135
5.966
5.7525
5.299
6.27475
6.65575
6.51275
6.625
6.403
6.5865
6.0105
6.40125
6.728
6.8325
6.5915
6.504
6.2765
6.6525
6.85975
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SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SPL
SPL
SPL
SPL
SPL
SPL
SPL
SPL
SPL
SPL
SPL

12.9
12.7
12.5
12.3
12.1
10.8
10.6
10.4
10.2
8.8
8.6
8.4
8.2
8
7.7
3.2
3
2.8
2.6
2.4
2.2
2
1.6
1.5
1.3
1
0.6
0.4
0.2
0
14.2
13.8
13.6
13.2
12.9
12.7
12.5
11.9
11.7
11.5
10.7

6.012
6.6095
6.5605
5.5455
6.6355
6.6335
6.9
7.4905
6.6045
6.57225
6.6065
7.23575
5.9375
7.18075
4.354
6.62
7.7613
5.998
6.8677
6.81675
6.72775
7.56
6.408
6.218
5.8355
6.52
6.68075
6.49575
6.11325
6.509
6.044
6.4105
6.24725
6.26375
6.26475
6.0635
6.2385
5.83575
5.7435
5.9655
5.85075
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SPL
SPL
SPL
SPL
SPL
SPL
SPL
SPL
SPL
SPL
SPL
SPL
SPL
SPL
SPL
SPL
SPL
SPL

10.5
10.3
10.1
8.3
8
7.8
7.6
7.2
7
6.8
6.6
6.4
6.25
1.5
1
0.6
0.4
0.2

5.7105
4.849
5.68025
5.93
5.504
4.9555
5.87775
5.58925
5.6115
5.42
5.56875
5.54575
5.56975
4.68075
5.52525
5.337
4.942
4.7985

	
  

61	
  

7.3 APPENDIX 3 δ18Oapatite VALUES
SECTION
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SP
SPL
SPL
SPL
SPL
SPL
SPL
SPL
SPL
SPL
SPL
SPL

METER
50
28.8
27
27
24.3
24.3
19.9
18.6
18.6
15.6
14
3
3
2.8
1.7
0.4
13.6
11.85
9.85
8
7.5
6.6
6.6
6.25
6.25
1.5
1

RUN 1

RUN 2
20.11

RUN 3

19.02

19.01
18.81
18.19
18.13

MEAN
20.11
19.02
18.89

21
18.6
19.2
18.54
19.66

18.16
21
19.8
19.37
18.54
19.66
18.41

18.37
18.44
18.06
18.41
19.5
20.58
19.66
20.59

19.6
20.1

21.62
20.88
20.82
20.28
20.1
20.73

18.06
18.41
19.5
20.58
19.63
20.34
21.62
20.88
20.55
20.41

19.4
22.3

19.8

19.4
21
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